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Abstract: We report the results of experimental observation of the influ-
ence of light propagation on its polarization under propagation in free space.
These results experimentally prove the existence of the mutual influence
of light polarization and propagation or spin-orbit interaction of a photon
in free space. The value of the geometrical circular amplitude anisotropy
R appeared due to spin orbit interaction of a photon was measured and it
turned out to be R = ±(0.60±0.08)×10−3.
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1. Introduction
A polarized laser beam is known to carry a spin angular momentum that is
associated with circular polarization and an orbital angular momentum that is
associated with its way of propagation. The influence of a trajectory on light
polarization [1, 2, 3, 4] and the influence of light polarization on a trajectory
[5, 6, 7, 8, 9, 10] in an optically inhomogeneous medium were investigated
independently during almost 60 years. For the first time the mentioned effects
were considered as mutually inverse effects in 1990 [11] and the term spin-orbit
interaction of a photon was introduced and used in 1991 [12] to explain experi-
mentally observed Optical Magnus effect [12, 13]. After theoretical description
of the Optical Magnus effect [14] the manifestation of the spin-orbit interaction
of a photon in an inhomogeneous medium was considered in a rich array of a
literature (see the most recent reviews [15, 16, 17]).
As for the spin-orbit interaction of a photon in an optically homogeneous
medium (free space) the first prediction [18] and experimental observation [19]
of the influence of polarization on light propagation were done in the following
optical scheme. Let a circular polarized laser beam is fallen onto the bottom part
of a lens (y > 0, Fig.1 ). The waist of the right circularly polarized (σ = +1)
beam propagating in z direction will be shifted in +x direction. The waist of
the left circular polarized (σ = −1) beam propagating in z direction will be
Fig. 1. Circularly polarized light propagation through the half of a lens (Ref. [20], Fig. 1).
Here σ =±1 is the sign of circular polarization, σ =+1 stands for right-handed circularly
polarized light and σ =−1 stands for left-handed circularly polarized light.
shifted in −x direction. The change of the circularity sign of the beam leads to
the waist shift. Really only z-polarized part of the field in the focal plane will be
shifted upon the sign polarization change. The value of the shift of z-component
observed in the scattering medium was about 1.5 µm [19, 20].
The waist shift was predicted for the specific intensity distribution in the beam
cross section [18]. The generalized theory which is applicable to a beam with
an arbitrary intensity distribution in its cross section and which allows calculat-
ing the transverse waist shift depending on the sign of the circular polarization
was proposed in [21]. The beam splitting into two beams with left-handed and
right-handed circular polarization in a plane tilted with respect to the direction
of propagation of the beam in free space was theoretically predicted in [22, 23],
the geometric nature of a such splitting was shown and interpreted as geometric
spin Hall effect of light [22]. Theoretical calculation of the beam waist intensity
distributions was performed for a converging Bessel beam with nonzero topo-
logical charge. The obtained Bessel beam intensity distributions exhibit fine
splitting of caustics [24].
Experimental investigations of geometric spin Hall effect of light were per-
formed using a strongly convergent asymmetric circularly polarized beam. The
beam cross-section was consisted of two parts with circular polarization of op-
posite signs. To observe the effect a nano-probing technique in combination
with a reconstruction algorithm was used [25].
Gold nanoparticles were used for the experimental demonstration of spin-
orbit interaction of a photon in a homogeneous isotropic medium. Gold
nanoparticles were captured in the focal plane of a tightly focused circularly
polarized ”vortex” beam (LG10). The particles rotation speed differed by 25%
for circularly polarized light with different sign of circularity due to optical
spin-to-orbital angular momentum conversion [26].
If the described effects [18, 19, 20, 21, 22, 23, 24, 25, 26] are the manifesta-
tion of the spin-orbit coupling of a photon in a homogeneous medium then the
inverse effect, namely, the influence of propagation on polarization, should be
observed.
In this paper we propose a scheme for observation of influence of light prop-
agation on its polarization and report results of experimental observation of the
change of linear polarization under the light trajectory change.
2. An optical scheme for observation of the light propagation influence on its polariza-
tion
Let us consider linearly polarized light propagation in z-direction through the
bottom half (y > 0) of a lens (Fig.2d) ). Linear polarized light is superposition
Fig. 2. An optical scheme for observation of the light propagation influence on its polar-
ization. Here e is ellipticity of elliptically polarized light, −1< e <+1, e < 0 corresponds
to left elliptically polarized light, e > 0 correspods to right elliptically polarized light and
e = 0 corresponds to linearly polarized light.
of two beams of equal intensity. The first one is a left-handed circularly po-
larized beam and the second one is a right-handed circularly polarized beam.
The center of gravity of the z-component of the first beam will be shifted in −x
direction and the center of gravity of the z-component of the second beam will
be shifted in +x direction in the focal plane. If linearly polarized light propa-
gates in z-direction through the upper half (y < 0) of a lens (Fig.2a) the center
of gravity of the z-component of the first beam will be shifted in +x direction
and the center of gravity of the z-component of the second beam will be shifted
in −x direction in the focal plane [18, 19, 20].
Let us block the left half of the beam waist (x > 0) then the passed radiation
will appear to be left-elliptically polarized (e < 0) if y > 0 (Fig.2f) or right-
elliptically polarized (e > 0) if y < 0 (Fig.2c). Let us block the right half of the
beam waist (x < 0) then the passed radiation will appear to be right-elliptically
polarized (e > 0) if y > 0 (Fig.2e) or left-elliptically polarized (e < 0) if y < 0
(Fig.2b).
The described above transformation of linearly polarized light into elliptically
polarized light is due to the different conditions for circularly polarized light
propagation and can be considered as a result of influence of circular amplitude
anisotropy [27, 31] with the value of the anisotropy R of the different sign.
The effect we are searching for can be named as geometrical circular amplitude
anisotropy.
As it follows from the above speculation the ellipticity value is expected to be
very small (|e|≪ 1). To carry out experimental investigation we should estimate
the ellipticity value and choose the proper method of low ellipticities (|e| ≪ 1)
measurement.
To prove the existense of the predicted effect we should demonstrate the
change of the sign of circular amplitude anisotropy R under the change of the
beam propagation.
3. Estimation of the value of the expected ellipticity
Let us estimate the value of the expected ellipticity of the light beam under in-
vestigation using the results presented in [18]. The intensity of the z-component
of the converging beam is determined by the angular width θ0:
θ0 = (ka0)−1 (1)
and is about θ 20 . Here k = 2π/λ , a0 = ∆r(HWe−1M) is the half-width of the
beam focal waist by the criterion e−1 of the intensity at a maximum. In order to
increase the z-component intensity we should increase the angular width θ0, but
according to Eq. (1) the angular width increasing leads to the beam focal waist
width decreasing. Let a half of the focal waist is screened and the beam angular
width is 2θ ∼ 0.16 radian and the light wavelength λ = 632.8 nm. Then the
angular factor is equal to θ 2 ∼ 6 · 10−3 and the radius of the beam focal waist
a0 = λ/πθ ∼ 2.5 µm.
Intensity distribution of z-components in the focal plane along x axis Iz =
|Ez (x,0,0)|2 has the following form [18]:
Iz = |Ez (x,0,0)|2 = exp
−x2
a20
 
1+σx

a0
2
(ka0)2
. (2)
Here σ = +1 for right-handed circular polarized light and σ = −1 for left-
handed circular polarized light.
If the beam is linearly polarized, it contains equal parts of the intensity of
left- and right-handed circularly polarized components IR = IL = I. If the left
half (x > 0) of the beam waist in the focal plane is blocked by the screen, the
total intensity of the linear polarized beam and the intensity of the left-circular
polarized light ILscreen will be halved and will lose the part of intensity Iz corre-
sponding to z-component:
ILscreen =
I
2
− Iz. (3)
The total intensity of right-circular polarized light after the focal plane IRscreen
will be just reduced about two times:
IRscreen =
I
2
. (4)
Elliptically polarized light is a superposition of two beams with the right-
handed and left-hand circularly polarization of different intensity. The relation-
ship between the ellipticity e of the beam and the intensity of its right-handed
IR and left-handed IL circularly polarized components is the following :
e =

IR

IL− 1
IR

IL+ 1
=
1−

IL

IR
1+

IL

IR
. (5)
Using Eq.(3) and Eq.(4) we get:
e =

1− 2IzI− 1
1− 2IzI+ 1 . (6)
The maximum fraction of z-component intensity normalized to the intensity
of the light beam at the maximum Iz/2I is approximately 0.006. Insertion of
0.012 for Iz/I into Eq. (6) gives the ellipticity of polarized light after the col-
limating lens. The acquired beam ellipticity e of the initially linearly polarized
beam will be e ∼ 6.0 ·10−3.
To dealing with such low ellipticities |e| ≪ 1 we should use proper method
of low ellipticities measurement and be confident that the ellipticitity of a laser
beam used in experimental set up is much less than 10−3.
4. Method of low ellipticity measurement
To measure the ellipticity e of a laser beam a method of null ellipsometry is
usually used [27]. The method allows to measure the values of ellipticity e in
the all range of ellipticities−1< e<+1 due to the usage of a quarter wave plate
as a compensator. The wide range of ellipticities leads to a moderate accuracy.
To measure the beam ellipticities in the range −6.0 · 10−3 < e < 6.0 · 10−3
with high accuracy we were using the following modificated method of null
ellipsometry.
Let us describe the polarization state conversion using Jones calculus
[27, 28]. We will describe the polarization state of a fully polarized quasi-
monochromatic light beam propagating along the z-direction by the Jones vec-
tor or the Maxwell vector:
E =

Ex
Ey

exp(iωt) . (7)
Here i =
√−1, Ex and Ey are the complex components of the transverse electric
vector along the x- and y- directions, respectively. The Jones vector for a linearly
polarized beam with the angle β between the direction of polarization and the
x- direction has the form:
El =

cosβ
sinβ

. (8)
The Jones vector for an elliptically polarized beam with the angle of ellipticity
ε and the angle ϑ = 0 between the major ellipse axis and the x-direction has
the form:
Ee =

cosε
i sinε

. (9)
The angle of ellipticity ε is connected with the light ellipticity e by the following
way:
e = b/a = tanε. (10)
Here a and b are the principal semi-axes of the polarization ellipse.
The optical system which transforms the polarization state linearly is de-
scribed by a 2×2 Jones matrix with complex entries [27, 28].
The Jones matrix of a linear phase anisotropy, or a birefringent plate with
mutually orthogonal slow and fast axes has the form
Tˆ
LP
(Γ,ϕ) =

cos2ϕ+ exp(iΓ) sin2ϕ [1− exp(iΓ)]cosα sinϕ
[1− exp(iΓ)]cosϕ sinϕ sin2ϕ+ exp(iΓ)cos2ϕ

, (11)
where Γ is phase shift between two orthogonal linear components of the elec-
tric vector, ϕ is an azimuth of the linear phase anisotropy, 0 ≤ Γ ≤ 2π and
−π2≤ ϕ ≤ π2.
If ellipticaly polarized light with the Maxwell vector described by Eq.(9) is
transmitted through a phase plate described by Eq. (11) then we get the follow-
ing Maxwell vector for the transmitted light beam:
(E2)x
(E2)y

= E2 = TˆLP (Γ,ϕ)E1 (12)
were
(E2)x = cos

Γ

2

cosε− sinΓ2 sin2ϕ sinε+ isinΓ2cos2ϕ cosε
and
(E2)y = sin

Γ

2

cos2ϕ sinε+ i

cos

Γ

2

sinε+ sin

Γ

2

sin2ϕ cosε

.
The light beam will be extinguished by an analyser if the beam transmitted
through the compensator is linearly polarized and its ellipticity is equal to zero.
Information about the ellipse of polarization can be extracted from the ratio
[27, 28]:
χ =
(E2)y
(E2)x
. (13)
According to [27]
χ =
tanϕ+ i tanε
1− i tanϕ tanε . (14)
If the transmitted light is linearly polarized than tanε = 0 and Imχ = 0. Solving
equation Imχ = 0 we have:
tan2ε1 = sin2ϕ tanΓ. (15)
Measuring the value of the compensator orientation ϕ we get the ellipticity
angle value ε1:
ε1 = tan
−1

sin2ϕ tanΓ
2

. (16)
Since |sin2ϕ | ≤ 1, than |2ε | ≤ tan−1 (tanΓ), and the measured value of the
ellipticity angle should be |ε| ≤ Γ2. Choosing the compensator with the re-
tardation Γ ≈ 1◦ ≈ 1.7× 10−2 and measuring the value of the compensator
orientation ϕ with the accuracy 0.1◦ ≈ 1.7× 10−3 we can measure ellipticity
e ≈ ε with the accuracy ≈ 10−5.
As it has been shown above the value of the expected ellipticity e is approxi-
mately 6.0×10−3. Commercially available He-Ne lasers can provide ellipticity
approximately 0.5×10−1. Usage of a Glan prism allows to decrease ellipticity
up to 3.0×10−3. To carry out investigation of the ellipticity change we should
provide the ellipticity of the initial laser beam much less than 6.0× 10−3. It is
possible to perform using a compensator with the value of retardation Γ≈ 1◦.
Let us consider elliptically polarized light propagation through a phase plate
with the retardation Γ and the orientation angle ϕ . It easy to show that a phase
plate with the angle of orientation ϕ = π

4 does not change the polarization el-
lipse orientation. Taking into account Eqs.(9,11) we get the following equation:
cosε2
isinε2

= TˆLP

Γ,ϕ = π

4
 cosε1
i sinε1

. (17)
Here ε1 is the angle of ellipticity of an input beam and ε2 is the angle of ellip-
ticity of an output beam. Equation (17) gets the following form:
cosε2
isinε2

=

cos

Γ

2

cosε1+ sin

Γ

2

sinε1
+i

cos

Γ

2

sinε1− sin

Γ

2

cosε1
  . (18)
Solving Eq.(18) we have:
ε2 =

ε1−Γ

2

. (19)
According to Eq.(19) we can reduce the beam ellipticty just choosing the proper
value of retardation Γ.
5. Ellipticity measurements
The experimental arrangement for investigation of the ellipticity change is
shown in Fig.3. To form the converging light beam a He-Ne laser emitting at the
Fig. 3. Experimental setup for the ellipticity change measurements.
wavelength λ = 632.8 nm was used. The laser beam power was P = 35 mW.
The laser beam was expanded due to its own divergence during propagation.
The distance between the laser and the first lens was ∼ 6 m.
To decrease the initial laser beam ellipticity a Glan prism and a compensator
with the retardation Γc = 0.96
◦ were used. The compensator was made from
two mica plates according to the method described in [29, 30]. It was possible
to improve the linear polarization of the light beam after passing through the
polarizing Glan prism and the compensator up to 10−4.
The intensity distribution of the expanded beam in the plane of the focus-
ing lens (Fig. 3) had a shape close to a Gaussian function. The beam diameter
d(HWe−2M) was approximately 6 mm by the criterion e−2 of the intensity at
the maximum. The expanded laser beam was focused by the first lens of the
focal length f = 3.8 cm. The convergence angle 2θconv of the generated beam
was 2θconv = 0.16 radian.
It should be stressed that to determine the beam polarization state it was nec-
essary to collimate the light beam under investigation. To collimate the light
beam the second lens was placed after the focusing lens. The focal length of the
collimating lens was equal to the focal length of the focusing lens. Alignment
of the collimating lens was done using a telescope focused for infinity.
A screen was placed just ahead of the focusing lens. That screen was used
to screen the upper or the bottom part of the beam to generate an asymmetric
beam. The knife of a spectrometer slit was used to screen the right or the left
part of the beam focal waist. The slit adjustment micrometer was used to place
the slit knife edge into the center of the beam focal waist. The edge of the slit
knife was set vertically. The knife slit was mounted on a translation stage to
provide the movement along the beam.
To observe the effect the edge of the knife should be placed precisely in the
focal plane, namely, in the middle of the beam waist. The beam waist diameter
dw(HWe−2M) turns out to be dw ∼ 15 µm and the waist length was approx-
imately 2 mm. Those values define the requirement to the adjusting optical
system precision.
To measure the ellipticity change under the light propagatiog along the differ-
ent way we used the described above method. A wave-plate with a retardation
of Γc = 1
◦ was used as a compensator. The compensator was made from two
mica plates according to the method described in [29, 30]. The compensator
retardation was measured beforehand. The second Glan prism and a telescope
were installed after the second compensator. To measure the light ellipticity the
second compensator and the second Glan prism were rotated till the full light
extinguishing. The light extinguishing was observed using the telescope. The
value of the resulting angle of the compensator orientation provided the value
of the ellipticity according to Eq.(16).
We measured the beam ellipticity before the first lens, after the beam prop-
agation through the first lens without the screen and the slit knife and with
different position of the screen and the slit knife. It should be stressed, that
we observed the ellipticity change only, the orientation of the polarization el-
lipse was unchanged. As was mentioned above the light ellipticity before the
lens was 10−4. The light ellipticity measured after the lens was 1.4×10−3. The
measured values of the ellipticities aquared by the light beam under propagation
along the different trajectories are shown in Tabel 1. One can see the change of
the ellipticity under the trajectory change, but the sign of the ellipticity was not
changed.
To explain the observed results and estimate the value of the circular let us
describe our system using generalized matrix equivalence theorem for polar-
ization theory [31]. According to [31] any combination of elements with linear
and circular phase and linear and circular amplitude anisotropy is equivalent to
an optical system containing only one element of each kind in the order:
TˆGen = TˆCP× TˆLP× TˆCA× TˆLA. (20)
Table 1. Beam ellipticity under the different ways of propagation .
Light propagets through Light propagets through
the lens upper half the lens bottom half
Light propagets through the eUL = eBL =
left part of the focal sport 1.10×10−3 2.17×10−3
Light propagets through the eUR = eBR =
right part of the focal sport 2.50×10−3 1.20×10−3
Here TˆLA is the Jones matrix of linear amplitude anisotropy:
TˆLA (P,θ ) =

cos2θ +Psin2θ (1−P)cosθ sinθ
(1−P)cosθ sinθ sin2θ +Pcos2θ

, (21)
where P is a value of linear amplitude anisotropy (relative absorption of two
linear orthogonal components of the electric vector) and θ is an azimuth of
linear amplitude anisotropy, 0≤ P≤ 1 and−π2≤ θ ≤ π2. TˆCA is the Jones
matrix of circular amplitude anisotropy:
TˆCA (R) =

1 −iR
iR 1

, (22)
where R is a value of the circular amplitude anisotropy (relative absorption of
two orthogonal circular components of the electric vector) and −1 ≤ R ≤ 1.
TˆLP is the Jones matrix of linear phase anisotropy described by Eq.(11). TˆCP is
the Jones matrix of circular phase anisotropy:
TˆCP (φ ) =

cosφ sinφ
− sinφ cosφ

, (23)
where φ is a phase shift introduced for two orthogonal circular components of
the electric vector or optical activity, 0≤ φ ≤ 2π .
As it was mentioned above, the ellipse orientation was not changed under the
light propagation through the experimental scheme. It is easy to show that the
circular phase anisotropy does not change ellipse orientation if φ = 0. The linear
phase anisotropy does not change ellipse orientation if ϕ = π

4. The linear
amplitude anisotropy of the system under consideration is due to multibeam
interference and P = 1− δP where δP ≪ 1 [32, 33] and the linear amplitude
anisotropy does not change ellipse orientation if θ = 0. As it follows from the
Table 1 we are dealing with small ellipticities and we can assume that sinε ≈
ε ≈ e ≪ 1 and sinΓ ≈ Γ≪ 1, cosΓ ≈ 1. Under these assumptions the general
matrix TˆGen (P,θ ,R,Γ,ϕ ,φ ) has the following form:
TˆGen

δP,θ = 0,R,Γ,ϕ = π

4,φ = 0

=
= TˆCP (φ = 0)× TˆLP Γ,ϕ = π4× TˆCA (R)× TˆLA (δP,θ = 0) . (24)
If we take into account only members of the first order we get:
TˆGen

δP,θ = 0,R,Γ,ϕ = π

4,φ = 0

=
=

1 i

Γ

2−R
i

Γ

2+R

1− δP

. (25)
The equation of the ellipticity transformation can be written in the following
form: 
1
ieout

=

1 i

Γ

2−R
i

Γ

2+R

1− δP

1
iein

. (26)
Solving Eq. (26) and taking into account only members of the first order we
get:
eout = Γ

2+R+ ein (27)
or
eout = Γ

2±|R|+ ein (28)
Let us assume that the values eUL and eBR are due to the negative value of R
and the values eUR and eBL are due to the positive value of R. It is allows as to
write down four systems of equation:
eI = Γ

2+ |R|+ ein,
eD = Γ

2−|R|+ ein, (29)
were eI stands for eUR, eBL and eD stands for eUL, eBR.
Solving these systems we get:
Γ = eD+ eI−2ein (30)
and
|R|=

eI− eD
2
. (31)
Using the values of eUR, eBL eUL, eBR from the Table 1 we get four values
for Γ and four values for |R|, namely, Γ1 = 3.07× 10−3, Γ2 = 3.50× 10−3,
Γ3 = 3.40× 10−3, Γ4 = 3.17× 10−3, |R|1 = 0.54× 10−3, |R|2 = 0.65× 10−3,
|R|3 = 0.70× 10−3, |R|4 = 0.49×10−3.
Averaging the values of Γi and |R|i we get Γ = (3.29±0.17)× 10−3 and
|R|= (0.60±0.08)× 10−3.
6. Conclusion
We were successful to observe experimentally the influence of propagation on
polarization in free space and so experimentally proved the mutual influence of
polarization and propagation or spin-orbit interaction of a photon in free space.
The value of geometrical circular amplitude anisotropy R appeared due to spin
orbit interaction of a photon turned out to be R =± (0.60± 0.08)× 10−3.
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